The mechanisms by which delamination contributes to the failure of fibre-reinforced composites are reviewed. Through-thickness failure owing to interlaminar stresses is considered first, and the effect of delamination in impact and compression after impact. The way in which in-plane failure can occur by delamination and matrix cracks joining up to produce a fracture surface without the need to break fibres is considered next. Examples of quasi-isotropic laminates loaded at different off-axis angles, and with different numbers and thicknesses of ply blocks show large differences in unnotched tensile strength controlled by delamination from the free edge. Similar mechanisms determine the strength of notched specimens and give rise to the hole size effect, whereby tensile strength increases with decreasing hole diameter owing to increased delamination and splitting. Open hole tension and over-height compact tension tests with constant inplane dimensions show a transition in failure mode with increasing ply block thickness from fibre-dominated fracture to complete delamination. In all these cases, the critical factor controlling strength is the relative propensity to delaminate.
Introduction
Delamination is a critical failure mechanism in laminated fibre-reinforced polymer matrix composites, and is one of the key factors differentiating their behaviour from that of metallic structures. It is caused by high interlaminar stresses in conjunction with the typically very low through-thickness strength. The phenomenon arises because fibres lying in the plane of a laminate do not provide reinforcement through the thickness, and so the composite relies on the relatively weak matrix to carry loads in that direction. This is compounded by the fact that matrix resins are typically quite brittle.
A lot of research has been carried out on delamination owing to throughthickness stresses, but it is less widely appreciated that delamination also has a crucial role in determining in-plane strength, frequently leading to premature initiation of failure. In-plane failure of composites is driven by the energy released as fibres are unloaded. This can occur in two ways: by fracture of the fibres, or by delamination and matrix cracks joining up to produce a fracture surface without the need to break fibres. The latter mechanism is illustrated in figure 1 , which shows schematically a (45/−45) s laminate that has failed in tension by pull-out without any fibre failure. A similar phenomenon can also affect failure in other layups, and is especially important at stress concentrations such as notches. Damage at such features is controlled by delamination and associated splitting that leads to blunting of the notch, which has a large effect on strength. Delamination also has a critical role in the behaviour of composites under impact, affecting both the damage caused under impact loading, and the subsequent response in compression after impact.
This paper reviews the ways in which delamination contributes to the failure of fibre-reinforced composites. Through-thickness failure is considered first, which may occur owing to out-of-plane loading, the geometry of the structure or discontinuities such as cracks, ply drops or free edges. The effect of delamination on impact and compression after impact is considered briefly. The mechanisms by which delamination may affect in-plane strength are then discussed, first for unnotched laminates, and then for cases with holes or cracks. Bringing together experimental evidence from a range of different cases contributes new insights into the factors controlling failure of composites and the crucial role of delamination.
Through-thickness failure
Delamination may lead directly to through-thickness failure owing to interlaminar stresses. To understand this mechanism, it is helpful to distinguish between overall interlaminar stresses that arise owing to the loading and geometry of a component, and highly localized interlaminar stresses that arise owing to some form of discontinuity, and may be associated with stress singularities. These cases will be discussed separately, although in practice, they may occur together and combine to initiate failure. (a) Overall interlaminar stresses owing to out-of-plane loading Figure 2 shows two examples of situations where out-of-plane loading may initiate failure owing to overall interlaminar stresses. The first is a loading fixture such as might be used to attach a rigging wire to a composite yacht mast. This produces primarily interlaminar shear stresses, but tensile stresses also arise if a fitting is embedded within the laminate or bonded on the outer surface. A similar situation arises where a bolt through a composite plate is subject to axial loading.
The second case is a connection between plates in a built-up structure, e.g. an aircraft wing skin to rib web joint. Here, the connection may need to resist out-of-plane loads, such as those arising in a wingbox owing to fuel pressure loading. This can cause interlaminar tensile stresses as well as shear. Even if there are no externally applied out-of-plane loads, secondary loading in the throughthickness direction may arise in a built-up structure as a result of constraints between different parts, and the way the overall loads are carried through the structure. Considerable research has been undertaken on such failure mechanisms, for example, using simple T-pieces to study the way that damage initiates and grows [1, 2] .
Another important example of out-of-plane loading is impact caused by incidents such as dropped tools, stones picked up by tyres or birdstrikes. This produces through-thickness shear combined with compression, and will be discussed in §3.
(b) Overall interlaminar stresses owing to geometry
Overall interlaminar stresses can also be produced indirectly as a result of the geometry of the structure, as shown in the examples in figure 3 . The first case is a tapered composite in which interlaminar shear and normal stresses are generated as the in-plane load diffuses with the change in thickness.
The second case is bending of curved laminates, which generates interlaminar normal stresses [3] . These will be tensile if the moment is tending to reduce the curvature as shown in the figure, and become more significant as the ratio of thickness to radius increases. Bending can occur even with only in-plane loading as a result of the component geometry, e.g. owing to offset loads. This mechanism is also important at joints in structures, which frequently have corner radii. For example, in the case shown in figure 2b , there would be additional interlaminar stresses owing to the curved geometry as well as those arising directly as a result of the out-of-plane loading. Similarly, bending can arise in built-up structures with curved flanges owing to tolerancing issues when different parts are assembled.
Bending will also arise in curved composites owing to temperature changes as a result of the difference in expansion coefficients in the plane and through the thickness of the composite [3] . This will produce interlaminar normal stresses if the laminate is not free to deform. The same phenomenon also causes residual stresses in manufacturing during the cooldown from the cure temperature to room temperature [4] . Resin shrinkage during cure is another mechanism that can cause distortion and interlaminar residual stresses [5] , which may lead to delamination.
Features such as joggles will also cause interlaminar stresses owing to curved fibre paths, offsets in load paths through the thickness and interaction between the part and tooling causing residual stresses during cure [6] .
(c) Localized interlaminar stresses
Very high interlaminar stresses can arise locally at geometrical or material discontinuities, and these may cause failure even though the overall stress level is not unduly high. Figure 4 shows features in composites that give rise to this situation. Sharp discontinuities cause singularities, with the stresses theoretically becoming infinite as the point of discontinuity is approached and failure will propagate if there is sufficient energy available to drive it.
Cracks are the most obvious form of discontinuity, such as initial delaminations arising during manufacture, or produced in service by events such as impacts. Transverse ply cracks may also develop owing to residual stresses or machining damage during manufacture, or under service loads. These cracks produce high localized stresses where they meet plies of different orientations, which may cause delamination at the ply interfaces [7] .
Cut or discontinuous plies caused by ply joins or changes of ply material or orientation within the layup produce discontinuities analogous to transverse cracks. These are particularly severe if the cut is perpendicular to the fibre direction in which the major loads are carried, and can be a serious source of delamination [8] . Ply drop-offs used to taper the thickness of composites as shown in figure 4a are another feature prone to delamination [9] . This is driven largely by the discontinuities owing to the terminating plies, with thick blocks of plies and drops on the surface being particularly susceptible.
A similar situation to a surface ply drop arises at a larger scale in joints. For example, there is a discontinuity where a flange attaches to a skin, as shown in figure 2b . This produces localized stresses even under in-plane loading that may cause debonding at the interface, or delamination within the laminates. The same situation arises whether the joint is co-cured or bonded. Delamination is especially likely in co-bonded or secondary-bonded joints as the adhesive typically has a higher toughness than the matrix resin, driving the failure into the composite. Structural features such as stringer terminations produce similar discontinuities at an even larger scale [10] .
Free edges are another important cause of interlaminar stresses [11] . The material discontinuities owing to the different ply orientations cause stress singularities. Interlaminar normal and shear stresses are produced at free edges where there are differences in Poisson's ratio between plies owing to different ply orientations, as in the cross-ply laminate shown in figure 4b . Discontinuities between different materials in the same laminate can produce similar effects. Interlaminar shear stresses arise where off-axis plies reach the edge because the in-plane shear stress must vanish at the free surface. These can also produce normal stresses owing to the offsets between plies in the thickness direction. Such stresses can be a major source of delamination, especially when several plies of the same orientation are stacked together [12] .
(d) Combined overall and localized interlaminar stresses
In practice, overall and localized interlaminar stresses often arise together. For example, a tapered laminate (as shown in figure 3a) will usually be manufactured by dropping off plies, producing discontinuities such as that shown in figure 4a and giving rise to localized stresses in addition to the overall stresses owing to the geometry. Similarly, the flange connection (shown in figure 2b ) has a discontinuity producing localized stresses in addition to the overall stresses owing to the pull-off loading. Free edges or cracks in areas of overall interlaminar stress will also lead to interaction between the discontinuity and overall stresses. In such cases, the stress fields will interact, causing delamination earlier than if only the localized or overall stress field were present on its own [13, 14] . Similar behaviour and failure mechanisms have also been observed under fatigue loading [15] .
Impact and compression after impact (a) Delamination under impact
Delamination is a critical damage mode under impact loading. It is particularly insidious because it can have a large effect on residual strength, yet there may be little or no indication of damage on the surface, despite extensive internal delamination, as shown in the edge view of an impacted quasi-isotropic glass-epoxy specimen in figure 5 [16] . C-scans reveal a characteristic pattern of delaminations as shown in another typical case for a quasi-isotropic carbon-epoxy laminate (figure 6) [17] .
There are two mechanisms driving the delamination. Firstly, there is interlaminar shear as a result of the contact force. This causes a maximum stress near the mid-plane reducing away from the impact point. A delamination at the mid-plane causes a large reduction in bending stiffness, giving a significant energy-release rate. It has been shown that for an axisymmetric case with a point load in a homogeneous quasi-isotropic laminate, the energy-release rate is in fact constant with delamination size, and based on this, a threshold impact force for delamination has been proposed [18] . The energy-release rate increases with increasing number of delaminations [19] , promoting further delaminations to form once the first one has initiated. Right under the impact point delamination tends to be suppressed due to the effect of through-thickness compressive stresses, which increase both the interlaminar shear strength and fracture toughness [20] . The second mechanism is delaminations propagating from transverse tensile cracks that tend to form towards the back surface of the laminate owing to bending [21] . This is particularly important in thin composites where bending deformation dominates, whereas in thicker laminates shear is more important. In practice, both mechanisms occur, and the multiple delaminations through the thickness link up via transverse cracks, forming a spiral staircase pattern of delaminations between transverse cracks in adjacent plies [21, 22] , as also seen in figure 6. These matrix cracks have a significant effect on the shape of the individual delaminations, which tend to be elongated along the direction of the crack [21] .
The mechanisms of damage under impact loading can be well simulated using cohesive elements to model the delamination between plies and transverse cracks within the plies [23] . This is able to reproduce the patterns of damage observed experimentally, including the lack of delamination under the impactor, provided the compression enhancement to interlaminar shear is accounted for. It has also been shown that similar damage and failure loads are obtained even if the matrix cracks are not modelled, suggesting that these are in fact of secondary importance [23] . Ignoring the cracks may, however, affect the predicted shape of the delaminations.
Fibre failure usually occurs after delamination [23] and so ignoring it in the model still gives good predictions of initial impact damage. However, because delamination reduces the bending stiffness and allows greater deformation to occur, it also has a beneficial effect in limiting the stresses that lead to fibre failure. If it was suppressed completely, then there would be a risk of premature fibre failure, which could lead to a more brittle overall response.
(b) Effect of delamination on residual strength
Delamination damage under impact loading has relatively little effect on residual tensile strength, but can dramatically reduce the compressive strength after impact [24] . This leads to the need to design structures to withstand barely visible impact damage, which is one of the most severe constraints on using composites in highly loaded applications.
Measurement of out-of-plane displacements and strain fields during loading indicates a progressive local buckling of the delaminated plies until final collapse precipitated by unstable propagation of delamination [22] . The mechanism is well illustrated by the detailed results of finite-element simulations with simplified circular delaminations [25] and more realistic spiral patterns of delaminations linked by transverse cracks [26] . Propagation of damage under compressive loading was modelled using cohesive elements. The results showed early buckling of the surface sublaminate followed by buckling of all the sublaminates together, either in a symmetric or asymmetric pattern. At higher loads, there was interaction with overall buckling, and a critical point was reached when the delaminations started to propagate, which corresponded to the peak load. The delamination fracture toughness had a significant effect on the maximum load. These results show the crucial effect that delamination has on compressive strength after impact. Compressive fibre fracture as a result of the load redistribution caused by the buckled plies is an alternative mechanism [27] . Here again, the delamination is crucial in allowing buckling to occur.
Delamination is also important in compression fatigue. Butler et al. [28] have suggested that the fatigue limit for specimens with barely visible impact damage corresponds to the point when damage can grow by propagation of delamination from the buckled sublaminates. A simple model was proposed that could predict the compression fatigue strain limit based on the energy-release rate for propagation of the critical delamination.
Unnotched in-plane failure
The effect of delamination producing failure owing to through-thickness stresses is well known. However, the role of delamination in in-plane failure is also extremely important, but has received much less attention. Composites will find the lowest energy route to shedding load, and sometimes this occurs by delamination and splitting rather than fibre fracture, as shown schematically in figure 1 for an angleply laminate. The importance of this mechanism is shown by two different cases of simple unnotched in-plane tension tests on quasi-isotropic laminates: firstly with loading at different off-axis angles, and secondly with different thicknesses.
(a) Effect of off-axis loading on unnotched tensile strength
Sun & Zhou carried out tests on quasi-isotropic laminates of AS4/3501-6 graphite/epoxy loaded at different off-axis angles. While the stiffness was unaffected, there was a dramatic reduction in strength, as shown in figure 7 for layup (0/90/45/−45) s with polished edges [29] . This occurred owing to splits in the off-axis plies that ran from the free edge and joined up via delamination to form a characteristic staircase pattern, providing a fracture path without necessarily involving fibre fracture. This is illustrated in figure 8 , a radiograph taken before ultimate failure of a specimen loaded at an off-axis angle of 22.5
• .
(b) Effect of thickness on unnotched tensile strength
Even when there are continuous fibres in the loading direction, unloading of off-axis plies can still initiate premature failure. This mechanism is well illustrated by a series of tests carried out on quasi-isotropic laminates of different thicknesses, which showed substantial reductions in unnotched tensile strength controlled by delamination [30] . IM7/8552 carbon-epoxy laminates with layup (45 m /90 m /−45 m /0 m ) ns ) were tested. With m = 1, n was varied from 1 to 4, giving laminates from 1 to 4 mm thick with dispersed plies. Keeping n = 1 and increasing m from 2 to 8 gave laminates from 2 to 8 mm thick with a single set of repeating plies with different ply block thicknesses. The smallest specimens were 1 mm thick, 8 mm wide, with a gauge section of 30 mm and bonded glass-epoxy end tabs. Thicker specimens had the in-plane dimensions increased in proportion to the thickness so that they were fully scaled. The expected failure stress was calculated using laminated plate theory with the properties shown in table 1, and the unidirectional tensile strength of 2806 MPa measured with a small tapered thickness specimen with chamfered plies [30] . This gave a quasi-isotropic strength of 1077 MPa.
Experimental results are summarized in table 2, and plotted in figure 9 . There are large differences between different layups and none of them reached the expected strength. This is due to initiation of delamination at the free edge, which could clearly be seen in the 2 mm thick specimens with blocked plies (figure 10a). Subsequently, the fibres also break, but the initial failure is controlled by delamination. When more plies are blocked together, delamination occurs at even lower stresses and becomes the main failure mechanism, stepping down through the plies until complete separation occurs at the −45/0 interface prior to fibre failure, producing the final fracture seen in figure 10c . The same mechanism is believed to control the strength of the dispersed ply specimens, with initiation of free edge delamination leading straight away to fibre failure. In this case, the strength actually increases with thickness, because the multiple sublaminates inhibit the free edge delamination initiating at the surface plies from propagating. Laminated plate theory gives the same expected strength for all these cases. The large variation in strengths which are all below this value is due to the differences in delamination behaviour of the different laminates. This is particularly striking because the stacking sequence was selected to minimize the risk of edge delamination after analysis of all 12 possible symmetric quasi-isotropic stacking sequences with eight plies by finite-element strain energy-release rate calculations [31] .
Notched in-plane failure (a) Delamination failure in open hole tension
Delamination and the stress at which it occurs relative to fibre failure are similarly important in notched strength. For example, in open hole tension of (45/90/−45/0) s laminates with thick ply blocks, delamination and pull-out can occur, leaving two ligaments of unidirectional material as shown in figure 11 .
This mechanism is shown in a series of scaled specimens of the same material and stacking sequence as the unnotched ones presented in the previous section [32] . Specimens with a centrally located circular hole were tested in tension with constant width-to-hole diameter (W /D) and length-to-hole diameter (L/D) ratios, as shown in figure 12 .
Results of 4 mm thick specimens with blocked plies are plotted in figure 13 , with a log scale to better cover the wide range of hole sizes from 1.6 to 50.4 mm. All failures were controlled by delamination, and there was a considerable variation in strength with specimen size. There is a clear trend with the strengths transitioning between a lower and a higher asymptote as the hole size increases. Triangular delaminations similar to those observed in the unnotched specimens formed at the intersection of the surface 45
• ply and the free edges, and grew gradually across the width between the hole and straight edge in both directions. The point at which these span the complete width of the specimen corresponds to the point when the delamination is able to step down through the remaining plies to the −45/0 interface and propagate along the whole length.
Comparing these results with the previous unnotched tests on specimens 32 mm wide with the same layup and similar damage development shows that the unnotched case fits well as an asymptote at large hole sizes ( figure 13 ). The size of the triangular delaminations at the free edges is related to the ply block thickness. It might, therefore, be expected that if the specimen was very narrow, then these would be able to join up across the complete width more easily, leading to earlier onset of full delamination. To test this hypothesis, unnotched specimens of the same layup with a width of only 4 mm were tested in tension. These delaminated in a similar way, but at an average stress of only 266 MPa. This is also shown as a line in figure 13 , and fits well as a lower asymptote.
The notched strength of these specimens is, therefore, controlled by how easily delamination can occur. This depends on two main factors: the absolute ply block thickness that controls the total amount of energy available to drive delamination, and the ratio of ply block thickness to distance from the free edge that affects how easily it can propagate across the width. If the specimens are normalized in such a way as to account for the different propensity to delaminate and plotted against ligament width rather than hole size, then we can account for a whole range of different cases on a single plot. The normalization is based on the amount of available energy, which is proportional to the ply block thickness and the stress squared. The corrected failure stress for a ply block thickness T ply compared with that of the baseline 0.5 mm specimens shown in figure 13 is given bȳ
Results are plotted in figure 14 for open hole specimens with thinner and thicker ply blocks, and also for another set of tests on the same material where a W /D ratio of 10 was used as well as 5. All these specimens failed by delamination. A finite width correction was applied to the W /D = 10 results to ensure direct comparability. The results all fit reasonably well the trend shown earlier, confirming the parameters controlling tensile strength of open hole specimens failing by delamination.
(b) Role of delamination in fibre-dominated open hole tension failure
The same type of splitting and delamination damage mechanisms initiating from the free edges as in the unnotched case are seen in figure 15 . This X-ray was taken from an interrupted test on a (45 4 /90 4 /−45 4 /0 4 ) s ) laminate with a 3.175 mm hole [33] , showing how damage develops before the final pull-out illustrated schematically in figure 11 .
With thinner, dispersed plies, fibre fracture occurs, but delamination still has a very important effect. It allows splits to develop, leading to blunting of the notch before reaching the stress for overall delamination, and resulting in an increase in the fibre-dominated tensile strength. This was shown for sharp-notched tension specimens by Kortschot & Beaumont [34] . Analogous behaviour was also demonstrated under fatigue loading by Spearing & Beaumont [35] . A similar mechanism applies for the open hole tension specimens considered here. Although it is primarily the splits that reduce the stress concentration, these cannot occur in the absence of delamination. And even before overt splits and delamination form, the pattern of localized deformation at the site of potential splits linked by incipient delaminations can reduce the fibre direction stresses.
Open hole tests with the same 4 mm thickness, but with dispersed plies all showed fibre failure [32] , with strengths exceeding what would be expected from simple theory. The highest unnotched quasi-isotropic strength for this material given in table 2 is 929 MPa. The linear elastic isotropic stress concentration factor for a width to hole size ratio of 5 is 3.14, giving an expected notched strength of 296 MPa. Experimental results all exceeded this, with fibre-dominated tensile strengths from 331 to 478 MPa.
Localized delaminations at the hole edge started at matrix cracks. Initially, the size of these delaminations was of the order of the ply thickness, but later they extended and joined up, stepping through the thickness locally. This behaviour adjacent to the hole is similar to that observed globally in the unnotched specimens and in the notched specimens failing by overall delamination. Splitting in the 0
• plies also occurred, blunting the notch and allowing the stress to reach a higher value than the unnotched strength divided by the stress concentration factor.
The results are plotted in figure 16 together with the previous results for the same thickness specimens with plies blocked together that failed by delamination. The latter showed increasing strength with hole size. In contrast, the dispersed ply specimens failing by fibre fracture showed a decreasing strength with increasing hole size. This hole size effect is well known, and there are many empirical models, but it can now be explained in terms of the fundamental role of delamination. The initial delaminations associated with the transverse cracks are observed to scale with the ply block thickness. For a small hole, they can easily interact, facilitating damage linking up through the thickness and propagating, as shown schematically in figure 17 for just the 45
• cracks. As the hole size to ply block thickness ratio increases, it becomes more difficult for the delaminations at the hole edge to join up and allow splitting to occur, causing a reduction in strength with increasing size as damage is inhibited [32] .
(c) Transition in failure mode with ply block thickness in open hole tension
A further example will illustrate the effect of increasing delamination on inhibiting fibre failure and leading to a switch in failure mode. Open hole tension strengths for specimens with a constant 25.4 mm diameter hole, but different ply block thicknesses are compared [36] . Specimens had the same stacking sequence and same in-plane dimensions, with a gauge length of 512 mm and width of 128 mm. The first three layups were (45/90/−45/0) 4s ), (45 2 /90 2 /−45 2 /0 2 ) 2s ) and Figure 18 shows the tensile strength as a function of the ply block thickness. The specimens with thinner ply blocks failed by fibre fracture, and there was a 26 per cent increase in strength from 331 MPa for the single dispersed ply case up to 417 MPa for the case with four plies blocked together. The specimens with eight blocked plies failed by complete delamination at the −45/0
• ply interface before fibre fracture, with an average strength of only 232 MPa. The specimens with four plies blocked together showed a mixed failure mechanism, with two of the six tests exhibiting fibre-dominated failure, and four showing delamination. They are, therefore, at the transition between the fibre failure mode seen for the specimens with thinner ply blocks, and delamination seen with very thick blocks.
These results again confirm the importance of delamination on in-plane strength. As the amount of delamination increases, the notched strength increases until the point where the failure mode changes from fibre-dominated to complete delamination, with the highest strength occurring at the transition.
Delamination has also been shown to be important in open hole compression tests when the ply block thickness is increased [37] . Higher strengths were obtained with blocked rather than dispersed plies, because significant delamination occurred, allowing splits to develop, blunt the stress concentration and inhibit microbuckling.
(d) Tensile failure at sharp notches
Delamination has been shown to be similarly important for in-plane failure in over-height compact tension specimens with a sharp notch through the complete thickness. Tests were carried out on the same IM7/8552 material and stacking sequence as for the open hole tests, with the geometry shown in figure 19 [38] . Specimens were 2 mm thick, with either dispersed single plies or plies blocked together in pairs. Layups were (45/90/−45/0) 2s ) and (45 2 /90 2 /−45 2 /0 2 ) s ). The latter specimens showed much more delamination at the notch, as seen in the C-scans in figure 20 from tests interrupted at approximately the same stage in the load-displacement curve, i.e. just before any major load drop. These specimens showed a 75 per cent increase in maximum load because of the splitting accompanying the delamination, which blunted the notch. When the number of plies blocked together was further increased to four, there was a transition in failure mode to complete delamination, with a block of 0
• plies at the notch pulling out completely over the whole length of the specimen, but with no fibre fracture, as shown in figure 21 . The thickness for this latter case with layup (45 4 
Conclusions
Delamination is a critical failure mode in fibre-reinforced composites. It may lead directly to through-thickness failure owing to interlaminar stresses caused by outof-plane loading, curved or tapered geometry, or discontinuities owing to cracks, ply drops or free edges. Impact loading causes multiple delaminations, which can propagate in conjunction with sublaminate buckling, greatly reducing the residual compressive strength.
Delamination also has a crucial role for in-plane failure by allowing transverse matrix cracks to join up and produce a fracture surface, shedding load without fibres breaking. This has been illustrated by results of quasi-isotropic laminates loaded in tension at an off-axis angle, where a characteristic pattern of damage initiating from the edges causes large reductions in in-plane strength. Even where there are continuous fibres in the loading direction, delamination can still produce large reductions in strength, especially when plies of the same orientation are blocked together. Unnotched quasi-isotropic specimens with different ply block thicknesses and numbers of sublaminates showed differences in tensile strength of nearly a factor of three, with failure initiating by delamination at the free edge, and none of the specimens reaching the strength expected from the unidirectional tensile strength and laminated plate theory.
This phenomenon is even more important in notched composites where holes or cracks cause stress concentrations, and initiation sites for damage propagating from the free edge. The ligament width to ply block thickness is a key parameter controlling this damage in open hole specimens. With thick ply blocks, notched failure may occur by complete delamination. With thinner, dispersed plies, fibre fracture occurs first. Delamination is more localized, but still has a large effect by allowing transverse splits that blunt the notch. As the hole diameter reduces, proportionately increasing amounts of damage lead to increased in-plane fibredominated tensile strength. This is the reason for the well-known hole size effect, as delamination becomes easier with decreasing ratio of hole size to ply block thickness.
The importance of delamination is also clearly demonstrated from the results of open hole tension tests on specimens with the same in-plane dimensions but increasing ply block thickness. Initially, the strength increases owing to increased blunting, but with even greater delamination there is a transition away from a fibre-dominated failure mode to complete delamination, with a corresponding reduction in strength. Similar phenomena occur with sharp notches, with a maximum tensile strength at the transition from fibre-dominated failure to complete delamination. In all the cases discussed, the critical factor controlling strength is the relative propensity to delaminate.
